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0HWDOV��)H��=U� ZHUH�LQYHVWLJDWHG�XQGHU��EDU�DLU�DPELHQW�DWPRVSKHUH��(OHFWULFDO�SXOVH
FXUUHQW�GXULQJ�����PLFURVHFRQGV�KHDWHG�LURQ�DQG�]LUFRQLXP�ZLUHV��:LUHV�ZHUH
VKDGRZJUDSKHG�E\�D�SXOVH�ODVHU�ZLWK�WKH�GXUDWLRQ�RI�2 §���QVHF��7KH�VKDGRZ�SLFWXUH�ZDV
WUDQVPLWWHG�WR�D�GLJLWDO�&&'�FDPHUD�DQG�WKHQ�VXEMHFWHG�WR�GLJLWDO�SKRWRPHWULFDO
SURFHVVLRQ�
7KH�GLIIHUHQFHV�EHWZHHQ�RXU�PHDVXUHG�DQG�NQRZQ�OLWHUDWXUH�FXUYHV�IRU�OLTXLG�LURQ
GHQVLW\�FRQVLVW�RI�������,W�UHYHDOV�WKDW�D�QHZ�PHWKRG�LV�YDOLG��7KH�GHSHQGHQFLHV�RI
UHVLVWLYLW\�DJDLQVW�VSHFLILF�LPSDUWHG�HQHUJ\�ZHUH�REWDLQHG�IRU�OLTXLG�VWDWH�RI�)H�DQG�=U�
$V�WKH�H[DPSOHV�RI�LURQ�DQG�]LUFRQLXP��D�SRVVLELOLW\�RI�XVLQJ�WKH�SURSRVHG�PHWKRG�WR
REWDLQ�UHOLDEOH�GDWD�RQ�WKHUPDO�H[SDQVLRQ�RI�OLTXLG�PHWDOV�DQG�LWV�HOHFWULFDO�UHVLVWLYLW\
RYHU�WKH�ZLGH�UDQJH�RI�WKH�OLTXLG�SKDVH�LV�GHPRQVWUDWHG�
.(<�:25'6��GHQVLW\��H[SDQVLRQ��IDVW�KHDWLQJ��KLJK�WHPSHUDWXUH��LURQ��OLTXLG�VWDWH�
UHVLVWLYLW\��]LUFRQLXP�
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�� ,1752'8&7,21
7KH�PHDVXUHPHQW�RI�WLPH�GHSHQGHQFH�RI�D�OLTXLG�PHWDO�WKHUPDO�H[SDQVLRQ�YDOXH�LV�GRQH
DW� WKH� HOHFWULF� FXUUHQW� SXOVH� KHDWLQJ� RI� ZLUH� VSHFLPHQV� XS� WR� WKH� WHPSHUDWXUHV� PXFK
KLJKHU�WKH�PHOWLQJ�SRLQW��7KH�ZD\�WR�REWDLQ�WKH�OLTXLG�PHWDO�LV�WR�KHDW�XS�D�F\OLQGULFDO
URG��ZLUH��RI�����WR�����PP�LQ�GLDPHWHU��G��ZLWK�DQ�HOHFWULF�FXUUHQW�SXOVH��G��O��ZKHUH�O
LV� WKH�ZLUH� OHQJWK���'XULQJ� WKH�SHULRG�RI�KHDWLQJ� WKH�ZLUH� LQ� WKH� OLTXLG�SKDVH� H[SDQGV
ODWHUDOO\��EXW�QRW�ORQJLWXGLQDOO\�IRU�LW�ZDV�IL[HG�DW�WKH�HQGV�
$�VKDGRZ�SLFWXUH�RI�WKH�ZLUH�GLDPHWHU�LV�PHDVXUHG�E\�GLJLWDO�&&'�FDPHUD�DW�H[DFW�WLPH
GHOD\��'XUDWLRQ�RI�D�ODVHU�SXOVH�VKDGRZJUDSK�2S ZKLOH�EHLQJ�PHDVXUHG�E\�GLJLWDO�YLGHRFDPHUD�� LV� GHWHUPLQHG� E\� D� PLQLPXP� WHPSHUDWXUH� LQWHUYDO� RI� PHDVXUHPHQWV� DQG
WHPSHUDWXUH�LQFUHPHQW�UDWH��LQ�RXU�FDVH�WKH�WHPSHUDWXUH�LQFUHPHQW�UDWH�LV�§����� .� VHF���
WKXV��2S §����QVHF�FRUUHVSRQGV�WR�WKH�WHPSHUDWXUH�LQWHUYDO�RI����.�����0(7+2'6
�����2SWLFDO�6FKHPH�RI�0HDVXUHPHQW�0HWKRG
7KH� RSWLFDO� VFKHPH� RI� PHDVXUHPHQWV� LV� DV� IROORZLQJ�� 7KH� VXUYH\HG� DUHD� LV
VKDGRZJUDSKHG� E\� D� VHFRQG� KDUPRQLF� SXOVH� 1G�<$*� ODVHU� ZLWK� WKH� UDGLDWLRQ
ZDYHOHQJWK�RI��  �����QP�DQG�GXUDWLRQ�RI���QVHF��7KH�VXUYH\HG�REMHFW� LV�ZLUH�RI����
�P�LQ�GLDPHWHU��VWHHO��DQG������P�LQ�GLDPHWHU��=U���DQG�OHQJWK�RI����PP��,W�ZDV�KHDWHG
ZLWK�DQ�HOHFWULF�FXUUHQW�SXOVH�RI���WR����VHF�LQ�GXUDWLRQ��7KH�VKDGRZ�SLFWXUH�RI�WKH�ZLUH
ZDV� WUDQVPLWWHG� WR� D� GLJLWDO� &&'�FDPHUD� LQSXW�ZLWK� D�PDJQLILFDWLRQ� RI� ��� SRZHU��$
QDUURZ�EDQG� LQWHUIHUHQFH� ILOWHU� DQG� D� VHW�RI� FRORXU� DQG�QHXWUDO� OLJKW� ILOWHUV� VXSSUHVVHG
WKHUPDO�UDGLDWLRQ�RI�WKH�KHDWHG�ZLUH��7KH�V\QFKURQLVDWLRQ�XQLW�V\QFKURQLVHG�FXUUHQW�DQG
ODVHU�SXOVHV�WR�&&'�FDPHUD��DQG�SURYLGHG�IRU�D�YDULDEOH�WLPH�GHOD\�RI�WKH�VKDGRZJUDSK
RYHU�WKH�FXUUHQW�KHDWLQJ�SXOVH�
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)LJ����VKRZV�D�FKDUDFWHULVWLF�SLFWXUH�REWDLQHG�WKURXJK�WKH�GLJLWDO�YLGHR�FDPHUD��6SDWLDO
UHVROXWLRQ� RI� WKH� &&'�FDPHUD� DORQJ� WKH� D[LV� RI� DEVFLVVDV� �ODWHUDO� GLPHQVLRQV� RI� WKH
ZLUH��LV����P��VL]H�RI�WKH�SL[HO��
6LQFH�WKH�PDJQLI\LQJ�IDFWRU�LV����SRZHU�WKH�VSDWLDO�UHVROXWLRQ�DW�WKH�REMHFW�LV�DERXW����
�P��,W�LV�JUHDWHU�WKDQ�WKH�ODVHU�SXOVH�VKDGRZJUDSK�ZDYHOHQJWK�DQG�WKH�RSWLFDO�V\VWHP�LV
FDSDEOH�RI�SURYLGLQJ�IRU�VXFK�UHVROXWLRQ��7KH�DVVHVVPHQW�RI�WKH�UHVXOWV�KDV�VKRZQ�WKDW�LW
LV�SRVVLEOH�WR�SURFHVV�LPDJH�GLPHQVLRQV�ZLWK�WKH�HUURU�RI�QHDUO\����P�
�����&XUUHQW�+HDWLQJ�0HWKRG�DQG�0HDVXUHPHQW�RI�,PSDUWHG�(QHUJ\�9DOXH
7KH�FDSDFLWRU�EDQN�ZLWK�VWRUHG�HQHUJ\�RI����N-�ZDV�GLVFKDUJHG� WKURXJK� WKH� VSHFLPHQ
DQG�EDOODVW�UHVLVWRU�FRQQHFWHG�LQ�VHULHV��7R�PHDVXUH�WKH�WRWDO�FXUUHQW�UXQQLQJ�WKURXJK�WKH
ZLUH�WKH�5RJRYVN\�FRLO�ZDV�XVHG��7KH�SURFHGXUH�WR�FDOLEUDWH�WKH�5RJRYVN\�FRLO�LPSOLHG
UHFRUGLQJ�RI�FXUUHQW��ZLWK�DPSOLWXGH�RI�XS�WR����N$��UXQQLQJ�WKURXJK�WKH�FXUUHQW�VKXQW
ZLWK� NQRZQ� SDUDPHWHUV� �LPSHGDQFH� �����:�� LQGXFWDQFH� ����� Q+�� DQG� FRPSDULVRQ� RI
VLJQDOV� DW� WKH� FXUUHQW� VKXQW� DQG� 5RJRYVN\� FRLO� XVLQJ� D� GLJLWDO� RVFLOORVFRSH
7HNWURQL[���&��$�GHYLDWLRQ�RI�FRQYHUVLRQ�FRHIILFLHQW�RI�WKH�5RJRYVN\�FRLO�FRQVWDQW�GLG
QRW�H[FHHG������LQ�WKH�DUHD�ZKHUH�WKH�FXUUHQW�FKDQJH�UDWH�GLG�QRW�H[FHHG��� ��� $�VHF
ZLWKLQ����PLFURVHFRQGV�RI�WKH�FXUUHQW�UXQ��7R�PHDVXUH�YROWDJH�DFURVV�WKH�VSHFLPHQ�WKH
YROWDJH�GLYLGHU�LV�XVHG��7KH�DWWHQXDWLRQ�ZDV�GHWHUPLQHG�ZLWK�WKH�DFFXUDF\�RI������ZLWK
UHJDUG�WR�GLUHFW�FXUUHQW�
7R� UHFRUG� D� ODVHU� SXOVH� WKH� SKRWRUHFHLYHU� ZDV� XVHG�� 7KH� EDVLF� FRPSRQHQWV� RI� WKH
SKRWRUHFHLYHU LV� WKH� VLOLFRQ� 3,1�SKRWRGLRGH� ZLWK� TXDUW]�TXDUW]� RSWLFDO� ILEUH�� 7KH
SKRWRUHFHLYHU�ULVH�WLPH�ZDV�OHVV�WKDQ����QVHF��DQG�WKH�G\QDPLF�UDQJH�ZDV�����DW���±��
0+]�� 7KH� PD[LPXP� GHYLDWLRQ� IURP� OLQHDU� GHSHQGHQFH� RI� WKH� YROWDJH� RXWSXW� VLJQDO
IURP�WKH�UDGLDWLRQ�LQSXW�VLJQDO�ZDV�OHVV�WKDQ����RYHU�ZKROH�G\QDPLF�UDQJH�RI
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)LJ���
,PDJH�RI�ZLUH�GLDPHWHU������PP���KRUL]RQWDO�D[HV��RQ�&&'��FDPHUD�

$ERYH�LV�VKRZQ�WKH�GHSHQGHQFH��DUELWUDU\�XQLWV��±�GLJLWDO�SKRWRPHWULFDO�SURFHVVLQJ�RI
WKH� VKDGRZ� SLFWXUH� DFURVV� WKH�ZLUH��5LJKW�KDQG� GHSHQGHQFH� �DUELWUDU\� XQLWV�� ±� GLJLWDO
SKRWRPHWULFDO�SURFHVVLQJ�RI�WKH�VKDGRZ�SLFWXUH�DORQJ�WKH�ZLUH�
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SKRWRUHFHLYHU�
$�ZLUH�SLHFH�RI�DERXW�RQH�PHWHU�OHQJWK�ZDV�GHWHUPLQHG�ZLWK� WKH�HUURU�RI�DERXW������
7KH�PDVV�RI�WKH�VSHFLPHQ�FDQ�EH�PHDVXUHG�ZLWK�DFFXUDF\�RI�DERXW�������7KH�VSHFLPHQ
ZDV�ZHLJKWHG�LQ�DLU�DQG�LQ�ERLOHG�ZDWHU�WR�JLYH�WKH�UHVXOW�LQ�GHQVLW\���������J�FP���7KH
HOHFWULFDO�UHVLVWDQFH�RI�D�VSHFLPHQ�ZDV�GHWHUPLQHG�E\�IRUPXOD�

ZKHUH�8� LV� WKH�YROWDJH� DW� WKH� VSHFLPHQ��/� LV� WKH� LQGXFWDQFH� RI� WKH� VSHFLPHQ�� ,� LV� WKH
FXUUHQW� UXQQLQJ� WKURXJK� WKH� VSHFLPHQ�� 7KH� FDOFXODWLRQ� RI� WKH� VSHFLPHQ� LQGXFWDQFH� /
JLYHV�WKH�YDOXH�PHDVXUHG�ZLWKLQ�����ZKHQ�WKH�VSHFLPHQ¶V�YROXPH�LQFUHDVHV�WZLFH��$
WRWDO� HUURU� YDOXH� RI� 5� GHWHUPLQLQJ� ZLOO� EH� ��� IRU� WKH� FDVH� G,�GW� d ��� $�VHF� 7KH
HOHFWULFDO� UHVLVWLYLW\� RI�PHWDO� LV� FDOFXODWHG� E\��U�W��  � 5� �W�� 6�O� ZKHUH� 6� LV� WKH� FURVV�
VHFWLRQ�RI�WKH�H[SDQGLQJ�VSHFLPHQ��O�LV�WKH�VSHFLPHQ¶V�OHQJWK��7KH�DPRXQW�RI�WKH�HQHUJ\
(�DEVRUEHG�SHU�XQLW�RI�PDVV�ZLOO�EH�

ZKHUH�P�LV�WKH�PDVV�RI�WKH�VSHFLPHQ��$�SRVVLEOH�HUURU�RI�GHWHUPLQLQJ�RI�(�LV�DERXW���
QHDU�WKH�PHOWLQJ�SRLQW��7KH�DEVROXWH�HUURU�RI�PHDVXUHPHQW�RI�WKH�KHDWHG�ZLUH�GLDPHWHU
�G�� E\� D� &&'�FDPHUD� ZDV� �� �P� �ZLWKRXW� SURFHVVLQJ� RI� WKH� LPDJH� HGJH� GLIIUDFWLRQ
SLFWXUH���7DNLQJ�LQWR�DFFRXQW�WKDW�WKH�YROXPH�LV�SURSRUWLRQDO�WR�G���D�PHDVXUHPHQW�HUURU
RI�WKH�H[SDQGHG�VSHFLPHQ�GLDPHWHU��YROXPH��ZLOO�EH������P�
7KH�FRPSRVLWLRQ�LQ�PDVV�SHUFHQWV�RI�WKH�ZLUH�RI������PP�LQ�GLDPHWHU�LV���)H��+I��2� ±������HDFK��1E��&����������HDFK��$O��6L��7L��KX�±��������HDFK��1� ±�������
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�����([SHULPHQWDO�UHVXOWV
7KH� PHDVXUHPHQW� PHWKRGRORJ\� ZDV� WHVWHG� XVLQJ� LURQ� VSHFLPHQV� �VWHHO� ZLWK� FDUERQ
FRQWHQW�RI�DERXW��������:LUH�ZDV�RI�����PP�LQ�GLDPHWHU��7KH�GLDPHWHU�RI�ZLUH�DQG�WKH
LURQ� GHQVLW\�ZHUH�GHWHUPLQHG� DV� WR� WKH� YHULILHG�PHWKRGRORJ\��$� VSHFLPHQ� RI� DERXW� �
PHWHU�OHQJWK�ZDV�ZHLJKWHG�RQ�WKH�DQDO\WLFDO�EDODQFH��ZLWK�DQ�HUURU�RI������PJ��ILUVW�LQ
DLU�� DQG� WKHQ� LQ� WKH�ERLOHG�ZDWHU��7KH�PHDVXUHG� LQLWLDO� GHQVLW\� RI� LURQ� DSSHDUHG� WR� EH
�����J�FP���7KH�OHQJWK�RI�WKH�VSHFLPHQV�VXEMHFWHG�WR�KHDWLQJ�ZDV����PP��ZLWK�DFFXUDF\
RI�XS�WR����PP���)LJ����SURYLGHV�IRU�D�PHDVXUHPHQW�UHVXOW�RI�DQ�H[SDQVLRQ�RI�LURQ�ZLUH
REWDLQHG�ZLWK����VSHFLPHQV��(DFK�VSHFLPHQ�LV�UHSUHVHQWHG�E\�D�VTXDUH�GRW�LQ�)LJ����
)LJ����SURYLGHV�IRU�WKH�UHVXOWV�RI�PHDVXUHPHQWV�RI�OLTXLG�LURQ�GHQVLW\�DJDLQVW�WKH�VSHFLILF
LPSDUWHG�HQHUJ\�(�
$FFRUGLQJ� WR� RXU� GDWD� �)LJ������ WKH� DYHUDJH� WHPSHUDWXUH� FRHIILFLHQW� RI� YROXPHWULF
H[SDQVLRQ�RI�OLTXLG�LURQ�IURP�PHOWLQJ�SRLQW������.�WR�ERLOLQJ�SRLQW������.�>�@��DW�| ���
N-�J��LV�HTXDO�WR�a���u���� .����/DVW�YDOXH�LV�FORVH�WR�WKH�GDWD�RI�)H�>�@��E  �����u����
.����OLQHDU�XS�WR������.���DQG�WR�WKH�GDWD�RI�>�@��E  ������u���� .�� IRU�OLTXLG�VWHHO�ZLWK
������&��
�����([SHULPHQWDO�SURFHGXUH�IRU�WKH�FDOFXODWLRQV�RI�RQH�VKRW��)H�����
$V� DQ� H[DPSOH� RI� KRZ� WKLV� PHWKRGRORJ\� ZDV� XVHG� WR� REWDLQ� HOHFWULFDO� UHVLVWLYLW\� RI
OLTXLG�LURQ�ZH�SURYLGH�IRU�VHYHUDO�ILJXUHV�LOOXVWUDWLQJ�RQH�RI�WKH�H[SHULPHQWV��)H�����
)LJ����JLYHV�WKH�YDOXHV�RI�FXUUHQW�DQG�YROWDJH�DW�WKH�VSHFLPHQ�DQG�D�ODVHU�IODVK�
VKDGRZJUDSKHG� MXVW� DW� WKH� PRPHQW�� ZKHQ� WKH� PHOWLQJ� ZDV� ILQLVKHG� �DW� WKH� LPSDUWHG
HQHUJ\�RI������N-�J��
)LJ����VKRZV�WKH�UHVXOW�RI�FDOFXODWLRQ�DV�WKH�UHGXFHG�HOHFWULFDO�UHVLVWLYLW\�U� �UHIHUUHG�WR
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)LJ��
7KHUPDO�H[SDQVLRQ�RI�)H�DJDLQVW�VSHFLILF�LPSDUWHG�HQHUJ\�

7KH�VWDUW�������N-�J��DQG�WKH�HQG�������N-�J��RI�LURQ�PHOWLQJ�DUH�VKRZQ�ZLWK�DUURZV
DFFRUGLQJ�WR�>�@��6TXDUH�SRLQWV�±�RXU�GDWD��'DVKHG�FXUYH�±�SRO\QRPLDO�ILW�RYHU�DOO���
GDWD�SRLQWV��6ROLG�FXUYH�±�OLQHDU�ILW�RI�WKH�GDWD�LQ�D�QDUURZ�OLTXLG�SKDVH�UHJLRQ����
SRLQWV��
7KH� D[LV� RI� RUGLQDWHV� UHSUHVHQWV� WKH� UHODWLYH� FKDQJH�RI� YROXPH�9�9��� DQG� WKH� D[LV� RIDEVFLVVD�UHSUHVHQWV�WKH�VSHFLILF�LPSDUWHG�HQHUJ\�(��VWDUWLQJ�IURP�WKH�URRP�WHPSHUDWXUH
OHYHO���7KH�HUURU�RI�VSHFLILF�LPSDUWHG�HQHUJ\�DQG�YROXPH�FKDQJH�LV�JLYHQ�IRU�RQH�RI�WKH
LPSDUWHG�HQHUJLHV��FORVH�WR�����N-�J��
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)LJ��
'HQVLW\�RI�)H�DJDLQVW�VSHFLILF�LPSDUWHG�HQHUJ\�

7KH� VWDUW� ������ N-�J�� DQG� WKH� HQG� ������ N-�J�� RI� LURQ�PHOWLQJ� DUH� VKRZQ� ZLWK� DUURZV
DFFRUGLQJ� WR�>�@��6TXDUH�SRLQWV�±�RXU�GDWD�� LQLWLDO�SRLQW� LV�VKRZQ�XQGHU�(� ����'DVKHG
FXUYH� ±� SRO\QRPLDO� ILW� RI� DOO� RXU� GDWD�� 7KH� HUURU� RI� GHQVLW\� DQG� LPSDUWHG� HQHUJ\
PHDVXUHPHQW�LV�JLYHQ�IRU�WKH�YDOXH�FORVH�WR�����N-�J�
'DVKHG�FXUYH�� ��RXU�GDWD�IRU�VROLG�DQG�OLTXLG�LURQ��REWDLQHG�LQ�DLU��7KH�IXOO�WLPH�RI
KHDWLQJ������PLFURVHFRQGV�
&LUFOH�SRLQWV�� ��GDWD�RI�>�@�IRU�OLTXLG�LURQ��REWDLQHG�XQGHU�KLJK�DUJRQ�SUHVVXUH���
NEDUV���$FFRUGLQJ�WR�>�@�(� ���N-�J�FRUUHVSRQGV�WR������.�
6ROLG�OLQH�� ���GDWD�RI�>�@�IRU�OLTXLG�LURQ��REWDLQHG�LQ�ZDWHU�XQGHU�KLJK�SUHVVXUH��XS�WR
����NEDUV���7KH�IXOO�WLPH�RI�KHDWLQJ��LQ�>�@�������PLFURVHFRQGV��$FFRUGLQJ�WR�>�@�(� ��
N-�J�FRUUHVSRQGV�WR������.���DFFRUGLQJO\��(� ������N-�J�±������.��
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WKH�VSHFLPHQ�GLPHQVLRQV�DW�URRP�WHPSHUDWXUH��DV�WKH�VSHFLILF�HOHFWULFDO�UHVLVWLYLW\�U��IRU
ZKLFK� WKH� WKHUPDO� H[SDQVLRQ� ZLWK� UHJDUG� WR� WKH� H[SHULPHQWDO� GDWD� RQ� ��� VSHFLPHQV
VKRZQ�RQ�)LJ���ZDV�WDNHQ�LQWR�DFFRXQW��$W�PHOWLQJ�SRLQW��(� ������N-�J��WKH�U HTXDOV�WR
U�u9�9���ZKHUH�WKH�LQFUHDVH� LQ�YROXPH�E\�����LV� WDNHQ�LQWR�DFFRXQW�DFFRUGLQJ� WR� WKH
OLQHDU� ILW� RI� GDWD� JLYHQ� LQ� )LJ�� ���'HQVLW\� RI� OLTXLG� LURQ� LV� ����� J�FP� �OLQHDU� ILW� QHDU
PHOWLQJ� SRLQW�� )LJ���� RU� ����� J�FP� �SRO\QRPLDO� ILW� RI� DOO� RXU� GDWD�� )LJ���� XQGHU� RXU
PHDVXUHPHQWV�IRU�HQG�RI�PHOWLQJ�
(OHFWULFDO� UHVLVWLYLW\� RI� OLTXLG� LURQ� DJDLQVW� WHPSHUDWXUH�PD\� EH� REWDLQHG�� 7DNLQJ� LQWR
DFFRXQW� WKH�KHDW�FDSDFLW\� RI� OLTXLG� LURQ�DV�D� FRQVWDQW�&S  �������-�J�.� >����@�RQH�FDQ
REWDLQ�HOHFWULFDO�UHVLVWLYLW\�RI�OLTXLG�LURQ�a����P:
FP�DW�WKH�ERLOLQJ�SRLQW������.�>�@�DW
LPSDUWHG� HQHUJLHV�| ���� N-�J� 8QGHU�PD[LPXP� LPSDUWHG� HQHUJ\� ����� N-�J��� WKHUH�ZDV
VHHQ� LQ� WKH� SKRWRJUDSK\� XQOHYHOOHG� HGJH� RI� WKH� OLTXLG� LURQ� F\OLQGHU�� 3HUKDSV� LW� ZDV
FRQQHFWHG�ZLWK�WKH�LURQ�ERLOLQJ�XQGHU�HYDOXDWHG�WHPSHUDWXUH�7� ������.�
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([SHULPHQWDO� GDWD� RQ� OLTXLG� LURQ� KDG� EHHQ� REWDLQHG� LQ� >�@� E\� D� IDVW� HOHFWULFDO� SXOVH
KHDWLQJ�XQGHU�KLJK�DUJRQ�SUHVVXUH����NEDUV���'DWD�RQ�GHQVLW\�ZHUH�REWDLQHG�XS�WR�����
.� �(�  � ���� N-�J��� 7KHVH� GDWD� DUH� VKRZQ� LQ� )LJ���� $FFRUGLQJ� WR� >�@� DYHUDJH� YROXPH
H[SDQVLRQ�FRHIILFLHQW�E  ���u���� �QHDU�GHQVLW\�RI�J  �����J�FP����E  ����u���� �QHDU
GHQVLW\�RI�J  �����J�FP����6SHFLILF�KHDW�FDSDFLW\�LV�������N-�J
.�>�@�
7KH� VWHDG\�VWDWH� H[SHULPHQWDO� GDWD�ZDV� SXEOLVKHG� >�@� RQ� WKH� GHQVLW\� RI� OLTXLG� LURQ� DW
WHPSHUDWXUHV� XS� WR� �����.��7KH� GDWD� KDG� EHHQ� REWDLQHG� E\�PHDQV� RI� J�GHQVLWRPHWHU�
:LWKLQ�WKH�WHPSHUDWXUH�UDQJH�RI������±������.�WKH�GHQVLW\�RI�OLTXLG�LURQ�WXUQHG�RXW�WR
EH�D� OLQHDU� IXQFWLRQ�RI� WHPSHUDWXUH��$W� WKH�PHOWLQJ�SRLQW� WKH�GHQVLW\�RI� LURQ��DV� WR� >�@
GDWD��LV�DERXW���J�FP���DQG�DW�WKH�WHPSHUDWXUH������.�LW�LV�DERXW�����J�FP���7KH�DYHUDJH
WHPSHUDWXUH�FRHIILFLHQW�RI�YROXPHWULF�H[SDQVLRQ�RI�OLTXLG�LURQ�LV�E  �����[���� .���
�� 0($685(0(176�21�/,48,'�=,5&21,80
�����5HYLHZ�RI�3XEOLFDWLRQV�
$FFRUGLQJ�WR�>�@��DQ�DSSUR[LPDWHG�HTXDWLRQ�WR�FDOFXODWH�GHQVLW\�J RI�OLTXLG�]LUFRQLXP
³DW�GLIIHUHQW�WHPSHUDWXUHV´�ZDV�SURSRVHG�LQ������>�@�

J  ��������L ������u���� �J�FP��
7KH�>�@�GRHV�QRW�LQGLFDWH�XS�WR�ZKDW�WHPSHUDWXUHV�WKLV�GHSHQGHQFH�LV�WUXH��7KH�DXWKRUV
>�@�LQGLFDWHG��WKDW�WKH�UHVXOW������������J�FP���ZDV�JLYHQ�³DW�WKH�WHPSHUDWXUH�FORVH�WR�WKH
PHOWLQJ�WHPSHUDWXUH��IRU�]LUFRQLXP�FRQWDLQHG������RI�FDUERQ��$FFRUGLQJ�WR�>�@
UHFRPPHQGDWLRQV��WKH�GHQVLW\�RI�OLTXLG�]LUFRQLXP�DW�WKH�PHOWLQJ�SRLQW�HTXDOV�WR�����
J�FP��� ,Q�������WKH�H[SDQVLRQ�RI�OLTXLG�]LUFRQLXP��ZLUH�RI���PP�LQ�GLDPHWHU��ZDV
PHDVXUHG�>��@�XQGHU�SXOVH�KHDWLQJ��7KH�DXWKRU�WHUPV�WKRVH�PHDVXUHPHQWV�DV
SUHOLPLQDU\��7KH�PHDVXUHPHQWV�ZHUH�GRQH�LQ�D�KLJK�SUHVVXUH�YHVVHO����NEDU���7KH
HQYLURQV�FRPSRVLWLRQ�ZDV�QRW�JLYHQ��7KH�PHDVXUHPHQW�WHFKQLTXH�ZDV�WKH�LOOXPLQDWLRQ
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E\�HLWKHU�ODVHU�RU�VSDUN�RU�;�UD\��LW�ZDV�QRW�VSHFLILHG��,Q�FDVH�RI�D�VLQJOH�H[SHULPHQW��WKH
GHSHQGHQFH�RI�WKH�H[SDQVLRQ�RI�]LUFRQLXP�RQ�WKH�LPSDUWHG�HQHUJ\�ZDV�REWDLQHG��)LJ����
)RU�WKH�VROLG�SKDVH�RI�]LUFRQLXP��WKH�DYHUDJH�OLQHDU�WKHUPDO�H[SDQVLRQ�FRHIILFLHQW�D  
���u���� D�� ����������D�>��@�DQG�D  ����u���� D�� �L  ����������D��>��@�
�����0HDVXUHPHQW�5HVXOWV�RQ�/LTXLG�=LUFRQLXP�'HQVLW\
7KH�PHDVXUHPHQWV�FDUULHG�RXW�IRU�OLTXLG�]LUFRQLXP��VLPLODUO\�WR�WKH�PHDVXUHPHQWV�ZLWK
UHJDUG�WR�OLTXLG�LURQ��SURGXFHG�WKH�IROORZLQJ�UHVXOW��)LJ�����)LJ���VKRZV�WKH�UDWLR�RI�WKH
VSHFLILF�YROXPH�RI�]LUFRQLXP�WR�LWV�LQLWLDO�VSHFLILF�YROXPH�9�9� GHSHQGLQJ�RQ�WKHVSHFLILF�LPSDUWHG�HQHUJ\�(��7KH�VTXDUH�KROORZ�GRWV�DQG�ILWWHG�FXUYH�UHSUHVHQW�RXU�GDWD�
7KH�FXUYH�ZH�REWDLQHG�LV�VOLJKWO\�EHORZ�WKDQ�WKDW�RI�WKH�>��@�GDWD��$FFRUGLQJ�WR�RXU�GDWD
�)LJ�����DW WKH�VWDUW�RI�OLTXLG�VWDWH���? # �����N-�J��WKH�H[SDQVLRQ�9�9� LV�a ������DV�LQ
>��@�LW�LV�����'XULQJ�PHOWLQJ��?� # ����-�J�DQG�?� # ����-�J��WKH�YROXPH�LQFUHDVHV�RQO\
������ZKLOH�WKH�UHYLHZ�>�@�UHFRPPHQGV�����,W�VKRXOG�EH�PHQWLRQHG�IRU�FRPSDULVRQ�WKDW
WKH�H[SDQVLRQ�RI�LURQ�DW�PHOWLQJ�LV����DFFRUGLQJ�WR�RXU�GDWD�REWDLQHG�E\�WKH�VDPH
WHFKQLTXH��7KH�SXEOLVKHG�GDWD�SURYLGHV�IURP���WR�������LQ�FDVH�RI�LURQ�DW�WKH�PHOWLQJ
SRLQW��)RU�WKH�WZR�SRLQWV�PHQWLRQHG�DERYH��?  ������N-�J�DQG�?  �����N-�J��WKH�GHQVLW\
RI�OLTXLG�]LUFRQLXP�LV������J�FP� DQG������J�FP� UHVSHFWLYHO\��)LJ����
���',6&866,21
$FFRUGLQJ�WR�RXU�HVWLPDWLRQV�WKH�FRQGLWLRQV�RI�=U�ZLUH�EHLQJ�KHDWHG�E\�HOHFWULFDO�FXUUHQW
ZLWKLQ�a���VHF�XS�WR�WKH�HQHUJLHV�RI�a��N-�J��WKH�GXUDWLRQ�RI�KHDWLQJ�XS�WR�PHOWLQJ�LV�a�
�VHF��FKDQJH�DV�IROORZV��,Q�WKH�FRXUVH�RI�KHDWLQJ��WKH�WKHUPDO�VWUHVVHV�RFFXU�WR�WKH
VSHFLPHQ��ZKLFK�GLVDSSHDU�WRZDUG�WKH�ZLUH�UDGLXV�ZLWKLQ�a���QVHF�
$�VRXQG�ZDYH�FRYHUV�WKH�GLVWDQFH�EHWZHHQ�WKH�FHQWUH�RI�D�ZLUH�VHFWLRQ�DQG�LWV�HQGV
ZLWKLQ�DERXW����VHF�WKDW�H[FHHGV�WKH�SHULRG�RI�WLPH�QHFHVVDU\�WR�KHDW�XS�WR�WKH�PHOWLQJ�



��

)LJ��
9�9� DJDLQVW�LPSDUWHG�HQHUJ\�IRU�]LUFRQLXP�

6TXDUH�KROORZ�SRLQWV�DQG�SRO\QRPLDO�ILW���RXU�GDWD��6WDQGDUG�GHYLDWLRQ��6'��LV�VKRZQ�
&LUFOH�VROLG�SRLQWV�DQG�SRO\QRPLDO�ILW���WKH�SDUW�RI�>��@�GDWD��7ZR�FLUFOH�KROORZ�SRLQWV
QHDU�����N-�J���>��@��&URVV�XQGHU�LPSDUWHG�HQHUJ\�����N-�J���>��@�

��� ��� ��� ��� ��� ��� ������

���

���

���

���

9�9� ��������������(��������(�6' �������

9�9 �

(��N-
J��



��

7KHUHIRUH��WKH�ZLUH�LV�FRPSUHVVHG�DORQJ�LWV�D[LV��DW�WKH�LPDJLQJ�SRLQW�HTXDOO\�GLVWDQW
IURP�WKH�HQGV���7KH�HVWLPDWLRQ�RI�VWUHVVHV�ZKLFK�PD\�RFFXU�E\�WKH�PRPHQW��ZKHQ�=U�LV
LPSDUWHG�ZLWK�HQHUJ\�RI�����N-�J���SURYLGHV�IRU�WKH�YDOXH�RI�DERXW�������NEDU�WKDW
H[FHHGV�=U�\LHOG�OLPLW��a����NEDU���7KXV��WKH�PHWDO�SODVWLFDOO\�GHIRUPV�DQG�H[SDQGV
DORQJ�WKH�ZLUH�UDGLXV��6XFK�EHKDYLRXU�RI�WKH�KHDWHG�ZLUH�DOORZV�PHDVXULQJ�WKH�VSHFLILF
YROXPH�RI�VROLG�]LUFRQLXP��DV�ZHOO�DV�WKH�OLTXLG�RQH��E\�PHDVXULQJ�WKH�ZLUH�GLDPHWHU
RQO\��,W�LV�TXLWH�QDWXUDO�WKDW�WKH�F\OLQGULFDO�VKDSH�RI�WKH�VSHFLPHQ�LV�GLVWRUWHG��XQGHU
VXFK�NLQG�RI�GHIRUPDWLRQ��WKDW�OHDGV�WR�QRQ�XQLIRUP�KHDWLQJ�RI�PHWDO�DQG�HUURUV�LQ
PHDVXULQJ�RI�UHVLVWLYLW\�DQG�HQHUJ\��7KH�GHYLDWLRQV�RI�WHPSHUDWXUH�ZLOO�EH�RI�RUGHU�RI
WKH�ZLUH�FURVV�VHFWLRQ�YDULDWLRQ��7KH�GHVFULEHG�SLFWXUH�RI�GHIRUPDWLRQ�ZLOO�WDNH�SODFH�LQ
FDVH�WKHUH�LV�QR�EHQG�GHIRUPDWLRQ��7KH�EHQG�GHIRUPDWLRQ�VKRXOG�OHDG�WR�GLIIHUHQW
GLVSODFHPHQW�RI�WKH�VKDGRZJUDSK�ERXQGDULHV�ZLWK�UHJDUG�WR�WKH�ZLUH�FHQWUDO�D[LV��,Q�DOO
RXU�H[SHULPHQWV��H[FHSW�IRU�RQH��WKH�GLVSODFHPHQW�RI�ERXQGDULHV�LV�WKH�VDPH��7KLV�VLQJOH
H[SHULPHQW�JLYHV�WKH�GLVSODFHPHQW�GLIIHUHQFH�RI������P��DW�WKH�HQHUJ\�RI������N-�J��
7KLV�FRQILUPV�WKH�DVVXPSWLRQ��WKDW�WKH�EHQG�GHIRUPDWLRQ�LV�HLWKHU�DEVHQW�RU�QHJOLJLEOH�
$FFRUGLQJ�WR�RXU�GDWD��)LJ�����DW�WKH�VSHFLILF�LPSDUWHG�HQHUJ\�RI�?  �����N-�J�WKH
UHODWLYH�H[SDQVLRQ�RI�]LUFRQLXP�9�9� GRHV�QRW�H[FHHG������7R�LQWURGXFH�WKHWHPSHUDWXUH�YDOXH��ZH�ZLOO�XVH�WKH�GDWD�RI��-�.�)LQN��>��@�IRU�=U��(QWKDOS\�+� ������N-�J
IRU�7 ������.���8VLQJ�WKHVH�GDWD��LW�LV�SRVVLEOH�WR�FDOFXODWH�WKH�DYHUDJH�H[SDQVLRQ
FRHIILFLHQW�RI�OLTXLG�]LUFRQLXP��IURP�WKH�PHOWLQJ�SRLQW�XS�WR������.���,Q�RXU�H[SHULPHQW
LW�WXUQHG�RXW�WR�EH�HTXDO�E # ��u���� D���
$FFRUGLQJ�WR�WKH�PRQRJUDSK�>��@�GDWD��WKH�WHPSHUDWXUH�FRHIILFLHQW�RI�OLQHDU�H[SDQVLRQ
RI�LURQ��VROLG�SKDVH��D HTXDOV�WR�a ���u���� D�� EHIRUH�PHOWLQJ��$FFRUGLQJ�WR�WKH
SXEOLVKHG�GDWD�>��@�IRU�]LUFRQLXP��WKH�D HTXDOV�WR�a ���u���� D�� DW������D�



17

Fig.7

Density against imparted energy for solid (up to ∼∼∼∼ 0.7 kJ/g)

and liquid (above ∼∼∼∼ 0.85 kJ/g) zirconium.

Square points - our data, with the linear fit. Standard deviation (SD) is shown.

Dotted line - estimation of [7] for liquid Zr.
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,Q�RWKHU�ZRUGV��LURQ�DV�LQ�WKH�VROLG�VWDWH�DV�LQ�WKH�OLTXLG�VWDWH�KDV�KLJKHU�YDOXHV�RI�D DQG�
FRUUHVSRQGLQJO\�WKDW�RI�E�
$FFRUGLQJ�WR�RXU�H[SHULPHQWDO�GDWD�DQG�HYDOXDWLRQV��WKH�DYHUDJH�WHPSHUDWXUH�FRHIILFLHQW
RI�YROXPHWULF�H[SDQVLRQ�RI�OLTXLG�LURQ�E LV�a ����u���� D����DQG�IRU�OLTXLG�]LUFRQLXP�LW�LV
a ��u���� D���
2XU�UHVXOWV�RQ�OLTXLG�LURQ�GHQVLW\�DUH�UHDVRQDEO\�LQ�OLQH�ZLWK�WKH�SXEOLVKHG�GDWD�IRU�RWKHU
OLWHUDWXUH�GDWD�IRU�WKLV�OLTXLG�PHWDO��2XU�UHVXOWV�RQ�WKH�OLTXLG�]LUFRQLXP�GHQVLW\�ZHUH
REWDLQHG�WKURXJK�GLUHFW�GHQVLW\�PHDVXUHPHQWV��GLJLWDO�SKRWRPHWULFDO�SURFHVVLQJ�RI�WKH
VKDGRZ�SLFWXUH�DFURVV�WKH�ZLUH���MXVW�DV�IRU�H[SHULPHQWDO�UHVXOWV�IRU�LURQ�
$&.12:/('*0(176
7KLV�ZRUN�ZDV�SHUIRUPHG�XQGHU�WKH�DXVSLFHV�RI�WKH�,QWHUQDWLRQDO�1XFOHDU�6DIHW\
&HQWUH�RI�WKH�5XVVLDQ�0LQDWRP��5,16&��DQG�WKH�8�6��,QWHUQDWLRQDO�1XFOHDU�6DIHW\
&HQWUH��86,16&��DW�WKH�$UJRQQH�1DWLRQDO�/DERUDWRU\��)XQGLQJ�IRU�WKLV�HIIRUW�ZDV
SURYLGHG�E\�WKH�86�'HSDUWPHQW�RI�(QHUJ\��7KH�DXWKRUV�ZRXOG�OLNH�WR�WKDQN�'U��-RDQQH
.�)LQN��SK\VLFLVW�RI�$UJRQQH�1DWLRQDO�/DERUDWRU\��IRU�XVHIXO�GLVFXVVLRQV�DQG�IRU�WKH
LQWHUHVW�WR�WKH�LQYHVWLJDWLRQV�
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